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Studies have shown that increased gut-derived norepinephrine (NE) release plays an important role in producing hepatocellular
dysfunction at the early stage of sepsis. Although the gut has been demonstrated to be the major source of NE in sepsis, it remains unknown
whether the increased NE is associated with up-regulation of intestinal NE biosynthesis enzymes such as tyrosine hydroxylase (TH) and
dopamine h-hydroxylase (DBH). To determine this, adult male rats were subjected to sepsis by cecal ligation and puncture (CLP) followed
by fluid resuscitation. Small intestinal samples were harvested at 2 h (i.e., early sepsis) or 20 h (late sepsis) after CLP or sham-operation.
Protein levels of TH and DBH were determined by Western blot analysis and immunohistochemistry. Their gene expression was assessed by
RT-PCR technique. The results indicate that intestinal TH protein levels increased significantly at 2 and 20 h after CLP, while DBH was not
altered under such conditions. Immunohistochemical examination shows that both TH and DBH were located in intestinal sympathetic nerve
fibers and TH staining was markedly increased in septic animals. TH gene expression increased significantly at 2 h but not at 20 h after CLP,
while DBH gene expression was not altered in sepsis. Thus, the increased TH gene and protein expression appears to be responsible for the
increased gut-derived NE in sepsis.
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1. Introduction norepinephrine (NE) release by the sympathetic nervousThe understanding of pathophysiology of sepsis and
inflammation has been significantly expanded and many
septic mediators have been identified in past decades.
However, the interaction of immune responses with the
nervous system in sepsis remains elusive. The brain and
immunity are two major adaptive systems of the body.
While the immune system has been often regarded as
autonomous, studies have provided evidence that the
central nervous system receives messages from the im-
mune system and vice versa messages from the brain
modulate immune function [1]. The brain and immune
system are involved in functionally relevant cross-talk to
maintain homeostasis under normal and pathophysiologi-
cal conditions. Evidence accumulated in the past that0925-4439/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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E-mail address: pwang@nshs.edu (P. Wang).system can modulate immune function [1–3]. It is also
known that peripheral sympathetic nerve activity
increases in sepsis, resulting in an elevation in plasma
levels of NE [4,5]. Our previous studies have shown that
the gut is an important source of NE release after the
onset of sepsis [4,6]. Moreover, gut-derived NE plays an
important role in up-regulating TNF-a via an a2-adreno-
ceptor pathway in Kupffer cells, which appears
to be responsible for producing hepatocellular dysfunction
at the early stage of sepsis [6,7]. Although gut-derived
NE release is elevated in sepsis, it remains unknown
whether the increased level of NE is due to up-regulation
of NE biosynthesis enzymes in the gut. The aim of this
study, therefore, was to determine whether intestinal
tyrosine hydroxylase (TH, the rate-limiting enzyme for
NE biosynthesis) and dopamine h-hydroxylase (DBH,
converting dopamine to NE) protein levels and their gene
expression are altered at the early and late stages of
sepsis.
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2.1. Experimental model of sepsis
Male adult Sprague–Dawley rats (280–320g) from
Charles River Laboratories (Wilmington, MA) were used
in this study. All surgeries were performed using aseptic
procedures with the exception of the induction of sepsis by
cecal ligation and puncture (CLP). Polymicrobial sepsis was
induced by CLP as previously described [8,9]. Briefly, rats
were fasted overnight prior to the induction of sepsis, but
allowed water ad libitum. The animals were anesthetized
with isoflurane inhalation and a 2-cm ventral midline
abdominal incision was made. The cecum was then ex-
posed, ligated just distal to the ileocecal valve to avoid
intestinal obstruction and punctured twice with an 18-gauge
needle. The punctured cecum was squeezed to expel a small
amount of fecal material and then returned to the abdominal
cavity. The incision was closed in layers and the animals
were resuscitated by 3 ml/100g body wt. normal saline
subcutaneously immediately after CLP. Sham-operated ani-
mals underwent the same surgical procedure except that the
cecum was neither ligated nor punctured. Studies were then
conducted at 2 h (i.e., early sepsis) and 20 h (late sepsis)
after the induction of sepsis or sham operation. The experi-
ments described here were performed in adherence to the
National Institutes of Health guidelines for the use of
experimental animals. This project was approved by the
Animal Care and Use Committee of North Shore-Long
Island Jewish Research Institute.
2.2. TH and DBH Western blot analysis
Small intestine samples from animals at 2 and 20 h after
CLP or sham-operation (n = 4–6 rats/group) were homoge-
nized in a lysis buffer, which contains 10 mM Tris saline,
pH 7.5 with 1% Triton X-100, 1 mM EDTA, 1 mM EGTA,
2 mM Na orthovanadate, 0.2 mM PMSF, 2 Ag/ml leupeptin,
2 Ag/ml aprotinin. After centrifugation at 16,000 g for 10
min, the supernatant was collected and the protein concen-
tration was determined by using Bio-Red DC Protein Assay
kit (Bio-Rad, Hercules, CA). An amount of 75 Ag (for TH)
or 100 Ag (for DBH) protein was loaded in 4–12% Bis-Tris
gel (Invitrogen, Carlsbad, CA) and electrophoretically frac-
tionated in the MES SDS running buffer (Invitrogen). The
protein in the gel was then transferred to a 0.2-Am nitrocel-
lulose membrane, and blocked with 5% nonfat dry milk in
10 mM Tris saline with 0.1% Tween-20, pH 7.6 (TBST).
The membrane was incubated with mouse anti-rat TH
monoclonal antibody (Chemicon, Temecula, CA; 1:2000)
or rabbit anti-rat DBH polyclonal antibodies (Chemicon,
1:3000) overnight at 4 jC, followed by incubation in
1:20,000 HRP-linked anti-mouse IgG or anti-rabbit IgG
for 1 h at room temperature. The same amount of protein
was loaded and reacted with goat anti-actin antibody (1:500;
Santa Cruz, Santa Cruz, CA), which was used as a control ofprotein loading. To reveal the reaction bands, the membrane
was reacted with an ECL Western blot detection system
(Amersham, Piscataway, NJ) and exposed on X-ray film. A
digital image system was used to determine the density of
the bands (Bio-Rad).
2.3. TH and DBH immunohistochemistry
Mouse anti-rat TH monoclonal antibodies (Chemicon)
and rabbit anti-rat DBH polyclonal antibody (Chemicon)
were used for detection of TH and DBH in the small
intestine at 2 and 20 h after CLP or sham-operation (n = 4
rats/group). The paraffin sections were dewaxed and rehy-
drated, followed by microwave antigen retrieval procedure.
Slides were soaked in 20% citric acid buffer, pH 6.0 (Vector
Labs, Burlingame, CA) and heated in the microwave oven
and maintained the temperature at 95 jC for 15 min. The
slides were cooled in room temperature for 5 min and then
rinsed with Tris buffer saline (TBS, pH 7.6). Endogenous
peroxidase was blocked by 2% H2O2 in 60% methanol for
20 min. Normal serum (2%) from the same species as
secondary antibody was used to block the nonspecific
binding sites. The sections were then incubated in 1:200
mouse anti-rat TH monoclonal antibodies or 1:500 rabbit
anti-rat DBH polyclonal antibody for 2.5 h at room tem-
perature. After washing with TBS, the sections were reacted
in 1:200 biotinylated anti-mouse IgG (rat adsorbed) or
biotinylated anti-rabbit IgG (Vector Labs) for 1 h. Vectastain
ABC reagent and DAB kit (Vector) were used to reveal the
immunohistochemical reaction. For the negative control, the
primary antibody was substituted by normal mouse IgG (for
TH) or rabbit IgG (for DBH).
2.4. TH and DBH gene expression
The small intestines were harvested from the sham and
septic animals at 2 and 20 h after surgery and fixed in
RNAlate solution (Ambion, Austin, TX) to preserve the
RNA in the tissue. Total RNA was extracted by using Tri-
reagent (Molecular Research Center Inc., Cincinnati, OH)
and 4 Ag of RNA was reverse-transcribed as previously
described [10]. The resulting cDNAs were amplified by
polymerase chain reaction (PCR) using primers for rat TH
(Gene bank NM_012740; forward: CAT TGG ACT TGC
ATC TCT GG; reverse: TGG TTG AGA AGC AGT GTT
GG) and rat DBH (Gene bank: L12407; forward: TAC
CCC AAA ACA GAG CTG GA; reverse: ACA AAA
CGA GGA GAG GCT GA). Both TH and DBH PCR
reaction were conducted at 40 cycles. Each cycle for TH
consisted of 45 s at 95 jC, 45 s at 59 jC, and 2 min at
72 jC. DBH was run at the same cycle condition except
the annealing temperature was 60 jC. Rat glyceraldehyde
3-phosphate dehydrogenase (G3PDH) served as a house-
keeping gene (Clontech, Palo Alto, CA). Following RT-
PCR procedure, the reaction products were electrophor-
esed in 1.6% TBE-agarose gel containing 0.22 Ag/ml
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analyzed on a digital image system to determine the band
density (Bio-Rad).
2.5. Statistical analysis
All data were expressed as meansF S.E. and compared
by one-way ANOVA and Tukey’s test. The differences in
values were considered significant if P < 0.05.Fig. 2. Alterations in the protein levels of DBH in the small intestine at 2
and 20 h after CLP or sham-operation. The representative blots of DBH and
actin as well as their optical densities are shown. Values (n= 4–6/group) are
presented as meansF S.E. and compared by one-way ANOVA. There was3. Results
3.1. Alterations in TH and DBH protein levels
The protein levels of TH and DBH were determined by
Western blot analysis at 2 and 20 h after CLP or sham-
operation. TH levels increased by 73% (P < 0.05) at 2 h and
by 138% (P < 0.05) at 20 h after CLP as compared to sham
animals, respectively (Fig. 1). In contrast, actin levels did
not appear to be significantly altered in septic animals (Fig.
1), indicating an equal loading. Unlike the intestinal TH,
protein levels of DBH did not change at both time points
after the onset of sepsis (Fig. 2). Immunohistochemical
examination demonstrates that TH and DBH were located
in the enteric nerve fibers in intestinal submucosal plexus
and myenteric plexus (Figs. 3 and 4). TH immunohisto-Fig. 1. Alterations in the protein levels of TH in the small intestine at 2 and
20 h after CLP or sham-operation. The representative blots of TH and actin
as well as their optical densities are shown. Values (n= 4–6/group) are
presented as meansF S.E. and compared by one-way ANOVA and Tukey’s
test: *P < 0.05 versus Sham; #P < 0.05 versus CLP 2h.
no significant difference between sham and CLP animals at both time
points.chemical staining was markedly enhanced in the animals at
20 h after CLP (Fig. 3B) as compared to sham-operated
animals (Fig. 3A), while DBH staining did not appear to be
altered under such condition (Figs. 4A and B). The above
results, taken together, indicate that TH proteins but not
DBH proteins were significantly increased in the gut in
septic animals.
3.2. Alterations in TH and DBH gene expression
The gene expressions of TH and DBH in the small
intestine were determined by RT-PCR. As shown in Fig.
5, TH mRNA expression increased by 67% at 2 h (P < 0.05)
but only 31% at 20 h after CLP (P= 0.58). Thus, intestinal
TH gene expression was significantly up-regulated only in
the early stage of sepsis. Similar to TH mRNA at 20 h after
CLP, intestinal DBH gene expression was not altered at both
time points after the onset of sepsis (Fig. 6).4. Discussion
Studies from our laboratory [4, 6] as well as others [5]
have indicated that circulating levels of NE increased
significantly in sepsis. Although both portal and systemic
levels of NE were markedly elevated at 2 h after the onset of
sepsis, the portal level of NE was significantly higher than
Fig. 4. The immunohistochemical staining of DBH in the small intestine at
20 h after CLP or sham-operation. DBH-positive stainings are located in the
nerve fibers and concentrated in the intestinal nerve plexus (arrows). DBH
staining did not show a difference between sham and septic animals at
20 h after CLP. (A) Sham 20 h; (B) CLP 20 h; (C) Negative control.
Original magnification 200 .
Fig. 3. The immunohistochemical staining of TH in the small intestine at
20 h after CLP or sham-operation. TH-positive stainings are located in the
enteric nerve fibers and concentrated in the intestinal nerve plexus (arrows).
TH immunostaining was enhanced at 20 h after CLP (B). (A) Sham 20 h;
(B) CLP 20 h; (C) Negative control. Original magnification 200 .
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onset of sepsis attenuated the increase in circulating levels
of NE seen in sepsis [6]. Thus, the gut appears to be the
Fig. 6. Gene expression of DBH and housekeeping gene G3PDH in the small
intestine at 2 and 20 h after CLP or sham-operation. The representative PCR
gel and the ratio of DBH/G3PDH are shown. Values (n= 4–6/group) are
presented as meanF S.E. and compared by one-way ANOVA. DBH gene
expression was not significantly changed at 2 or 20 h after CLP compared
with sham animals.
Fig. 5. Gene expression of TH and the housekeeping gene G3PDH in the
small intestine at 2 and 20 h after CLP or sham-operation. The
representative PCR gel and the ratio of TH/G3PDH are shown. Values
(n= 6–9/group) are presented as meanF S.E. and compared by one-way
ANOVA and Tukey’s test: *P< 0.05 versus Sham.
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the primary neurotransmitter at sympathetic postganglionic
ending. Catecholamines (including NE, epinephrine and
dopamine) are synthesized from tyrosine that is transported
into the noradrenergic nerve ending. Tyrosine is converted
to DOPA by the enzyme TH (the rate-limiting step in NE
biosynthesis) and then hydroxylated to dopamine. Dopa-
mine is converted to NE in the vesicle by DBH. TH and
DBH are often used as specific markers for noradrenergic
innervation in various tissues [1]. To determine whether the
increased levels of NE in sepsis is associated with an
elevation in intestinal NE biosynthesis enzymes, we have
assessed TH and DBH proteins and gene expression in
sepsis in this study.
Our results indicate that the protein levels of TH in-
creased significantly at 2 h after CLP (i.e., early sepsis) and
were further elevated at 20 h after CLP (late sepsis). In
contrast, DBH levels were not significantly altered under
such conditions. This observation is also confirmed by TH
and DBH immunohistochemical data, showing increased
TH stainings without marked alterations in DBH stainings at
20 h after the onset of sepsis. Moreover, intestinal TH gene
expression was up-regulated at 2 h after CLP. Since TH is
the rate-limiting enzyme for NE biosynthesis, the elevation
of TH appears to be responsible for the increased gut-
derived NE production observed in sepsis. Because the
increase in TH gene expression was not statistically signif-
icant at 20 h after CLP, the elevated TH levels in the small
intestine at that time point (Fig. 1) could also be partiallydue to a reduction in its protein degradation. We have
previously shown that circulating levels of NE increased
even at 30 min after the onset of sepsis [4]. It is possible that
TH gene and protein expression might have been up-
regulated at a time point earlier than 2 h after CLP, which
was not examined in the current study. Moreover, immuno-
histochemical assessment has demonstrated that both TH
and DBH are located in enteric nerve fibers, suggesting that
the increased production of gut-derived NE in sepsis is
indeed sympathetic nerve-dependent.
The sympathetic nervous system is involved in the
cross-talk between nerve and immune systems [1]. There
is considerable evidence that the sympathetic nervous
system influences the immune response via adrenergic
receptors [11–13]. Although a great deal of work has been
carried out establishing the relationship between up-regula-
tion of proinflammatory cytokines and depression of cell
and organ dysfunction in sepsis, much less attention has
been paid to the effect of the sympathetic nervous system
on the immune response in sepsis. Since the innervation of
gastrointestinal noradrenergic fibers gives rise to wide-
spread arborizations and releases NE as the principal
neurotransmitter [14–17], the gut is an important organ to
contribute sympathetic output in sepsis. Previous studies
have indicated that NE production and release are signifi-
cantly correlated with the production and release of proin-
flammatory cytokine TNF-a [6,7,18] and other cytokines
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concentration similar to that seen in sepsis through portal
system up-regulates the circulating and Kupffer cell levels
of TNF-a [7]. Similar results were also observed when NE
was added in the isolated perfused liver preparation [7]. It
should be pointed out that although NE at pathophysiolog-
ical concentration (V 10 8 M) increases macrophage TNF-
a production [20], extremely high levels of NE (10 5 M)
suppress its production from splenic macrophage, presum-
ably by stimulating h2-adrenoceptors [21]. Kupffer cells
constitute 80–90% of fixed macrophages in the body and
are considered the major source of TNF-a synthesis and
release [22–25]. In vitro stimulation of Kupffer cells with
NE increases TNF-a production [7]. It has also been shown
that in vivo administration of a2-adrenergic antagonists
such as idazoxan [26], CH-39083 [27,28], or rauwolscine
[29] inhibits TNF-a production. Moreover, administration
of a2-adrenergic antagonists rauwolscine or yohimbine
protects hepatocellular function and attenuates the up-reg-
ulation of TNF-a levels in early sepsis as well as following
NE administration [7,30]. Thus, gut sympathetic NE release
during sepsis up-regulates TNF-a production through an
a2-adrenoceptor pathway.
Lyte and associates have recently reported that the
stress-related neurochemicals, such as catecholamines, di-
rectly influence both bacterial growth and the production of
virulence-associated factors [31–33]. For example, the
growth of E. coli O157:H (a food-borne pathogen), which
is the causative agent of hemolytic-uremic syndrome, was
increased over 100,000-fold in the presence of NE [34].
Similar results were also observed with enterotoxin-produc-
ing Salmonella typhimurium [35]. In this regard, an in-
crease in gut-derived NE in sepsis may enhance bacterial
growth and production of related virulence factors into local
tissues and circulation. Since it has been shown that a2-
adrenergic antagonists can improve the survival rate, atten-
uate liver injury and down-regulate TNF-a production after
a lethal endotoxemia or sepsis [7,26,28–30], modulation of
the gut-derived NE biosynthesis and release would be
another interesting approach, which not only down-regu-
lates TNF-a production and protect organ function, but also
reduces bacterial growth and its hazardous factors released
into the system in sepsis.
In summary, the intestinal TH protein levels increased
significantly at 2 and 20 h after the onset of sepsis, while
DBH levels were not significantly changed. These results
were further supported by immunohistochemical examina-
tion and their gene expression. Thus, up-regulation of TH
appears to be responsible for the increase of gut-derived NE
production in sepsis. Since the increase in TH gene expres-
sion was not statistically significant at 20 h after CLP, the
elevated TH levels in the small intestine in late sepsis could
also be partially due to a reduction in its protein degradation.
In addition, since both TH and DBH are located in enteric
nerve fibers, the increased production of intestinal NE in
sepsis is sympathetic nerve-dependent.Acknowledgements
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